There is a significant difference in the ability of human influenza A virus H1N1 strains isolated up to 1977 and those isolated later to rescue temperature-sensitive mutants of fowl plague virus with a defect in the nucleoprotein (NP) gene. Therefore the NP genes of five human H1N1 and H3N2 influenza A virus strains, isolated between 1950 and 1978, have been sequenced. By comparison with previous and more recent isolates, an evolutionary pathway has been established. Three amino acid replacements were found which might be responsible for the functional difference between the USSR (1977) and the Brazil (1978) strains. The California (H1N1) strain isolated in 1978 had acquired by reassortment the NP gene of a human H3N2 virus circulating at about 1977 as had been previously suggested by investigations involving RNase fingerprint or hybridization techniques.
INTRODUCTION
H1N1 strains of influenza A virus had disappeared from the human population in 1957. However, since 1977 H l N 1 strains have been regularly isolated from humans once more. These H 1N 1 viruses were antigenically (Kendal et al., 1978) as well as genetically (Nakajima et al., 1978; Scholtissek et al., 1978a) closely related to an H1N1 virus isolated in 1950. It was concluded from these and other data (Raymond et al., 1986 ) that the 1950 and 1977 isolates have a very closely related common ancestor. Therefore, it is of interest how the 1950 H1N 1 virus had survived for 27 years before its re-emergence in the human population.
It has been previously suggested that the H I N 1 strain isolated in 1950 might have changed its species specificity by reassortment, staying in an animal reservoir with little genetic drift, and reappearing in its original host after a second reassortment. In laboratory experiments such double changes in host range have been demonstrated to be a possible mechanism for this phenomenon (Scholtissek et al., 1978b) .
It was suggested recently that the nucleoprotein (NP) of influenza viruses plays a major role in the determination of host range, since replacement of the NP gene of fowl plague virus (FPV) by the NP genes of human H3N2 viruses, but not by those of avian H3N2 strains, the host range could be changed (Scholtissek et al., 1985) . Furthermore, a specific replacement of the NP gene of a human influenza A virus by the corresponding gene of an avian strain led to a complete attenuation of this reassortant for monkeys (Snyder et al., 1987) . Therefore, we have applied the above mentioned reassortment technique, replacing the NP gene of FPV by those of human H1 N1 strains, in order to find out whether there is biological evolution of human influenza viruses towards strict species specificity. Furthermore, we have sequenced a number of NP genes of H 1N 1 and H3N 2 viruses isolated between 1950 and 1978. If such a double replacement of the NP gene, leading to repeated changes in host range, had indeed occurred between 1950 and 1977, a relatively large number of base and amino acid replacements in the NP genes of the 1950 and 1977/78 isolates would be expected, and these might have escaped detection by the fingerprinting technique used previously (Nakajima et al., 1978) . In 1978 natural reassortants 0000-8798 © 1989 SGM between co-circulating H3N2 and H1N1 viruses were detected, in which the NP and other genes of H1N1 viruses have been replaced (Young & Palese, 1979; Bean, 1980) . Since the techniques used in these studies, oligonucleotide fingerprinting or RNA hybridization, were relatively crude we have sequenced the N P genes of the A/California/10/78 (Calif., HI N l) and A/Texas/I/77 (Texas, H3N2) viruses in order to define more precisely the progenitor of the NP gene of the California strain.
METHODS

Viruses.
The following influenza A viruses were investigated in the rescue test mentioned below: A/PR/8/34 (PR8, H1N1), A/FM/1/47 (EM1, HIN1), A/Fort Warren/I/50 (Warren, H1N1), A/USSR/90/77 (USSR, H1N1), A/Hong Kong/117/77 (HKllT, H1N1), A/Brazil/11/78 (Brazil, H1N1), Calif. (H1N1) and Texas (H3N2). The latter six strains were kindly supplied by Dr A. P. Kendal, Atlanta, Ga., U.S.A. The NP genes of five of these strains (Warren, USSR, Brazil, Calif. and Texas) were used for sequencing. Mutants of A/FPV/Rostock/34 (FPV, H7N1) with a temperature-sensitive (ts) defect in the NP gene (tsl9 and ts81) have been described previously (Scholtissek & Bowles, 1975) . The viruses were propagated in the allantoic cavity of 11-day-old embryonated chicken eggs. The viruses were purified and concentrated by adsorption onto glutaraldehyde-fixed chicken erythrocytes (Becht & Malole, 1975) and elution with Vibrio cholerae neuraminidase (Behringwerke). The virus was pelleted by centrifugation at 25000 r.p.m, for 1.5 h in an SW28 rotor in a Beckman centrifuge.
Isolation of viral RNA. The viral RNA was extracted by the guanidinium thiocyanate-hot phenol method (Maniatis et aL, 1982) .
Sequencing of viral RNA by primer extension. The following oligodeoxynucleotide primers were used for sequencing directly along the viral RNA using reverse transcriptase and deoxynucleoside triphosphates according to the dideoxynucleotide method of Sanger et al. (1977) The primers were synthesized and supplied by Dr H. Hegemann (Giessen). The primers were purified by PAGE and desalted by Sephadex G25 column chromatography. Thereafter, l0 pmol of each primer was labelled at the 5' ends with l0 ktCi [y-a2p]ATP and polynucleotide kinase (Boehringer Mannheim). The labelled primers were annealed to viral RNA and coprecipitated with ethanol. The primer extension was achieved with non-labelled deoxynucleoside triphosphates, the corresponding dideoxynucleoside triphosphate (Pharmacia) and reverse transcriptase (Life Sciences) in the presence of RNase inhibitor (Boehringer, Mannheim). The various reaction mixtures were separated by ultrathin PAGE and the X-ray films were read in the usual way. The sequence comparisons were performed using Beckman computer programs and those developed by Joachim Mandler at our institute.
RESULTS
Rescue of mutants of FPV with a ts defect in the NP gene by human influenza A strains
It has been shown that mutants of FPV with a ts defect in the NP gene can not be rescued by double infection of chicken embryo cells with human H3N2 viruses, whereas avian H3N2 viruses could (Scholtissek et al., 1985) . Therefore, we have tested all the viruses listed in the Methods section in this respect. All H1N1 strains up to those isolated in 1977 (USSR and HKll7) showed a significant rescue reaction (10 to 100 times the number occasionally appearing as revertants). However, the plaques found at the non-permissive temperature after double infection of chicken embryo cells were significantly smaller than FPV wild-type plaques. Since with avian influenza A viruses the yields of rescued virus were on average higher by a factor of 100-fold, three independent plaque isolates, rescued with the above mentioned human H1N1 viruses, were further purified and their genotypes were determined (Scholtissek et al., 1976) . In each case, besides other genes, the NP gene was derived from the rescuing human strain. With the Brazil and the Calif. strains and the other human H3N2 viruses no rescue oftsl 9 or ts81 after double infection of chicken embryo cells was possible.
Comparison between nucleotide sequences of NP genes of various human H1N1 and H3N2 viruses
In Fig. 1 Evolution of influenza A virus NP gene 2113 (Tomley & Roditi, 1984) , PR8 (H1N1) (Winter & Fields, 1981) the A/Udorn/307/72 (Udorn, H3N2) (Buckler-White & Murphy, 1986), the A/NT/60/68 (NT60, H3N2) (Huddleston & Brownlee, 1982) , and the A/Hong Kong]5/83 (HK5, H3N2) (Gammelin et al., 1989 ) strains are included. The sequence of the PR8 strain is shown in full and only the changes in the other strains are shown for comparison. Since in our studies the first primer started at position 16, the non-coding regions at the 5' and 3' ends have been omitted. Large letters mark silent base replacements which do not lead to amino acid changes, whereas small letters indicate base replacements which lead to amino acid changes. From the data in Fig. 1 an evolutionary pathway at the level of the nucleotide sequences has been derived (see Fig. 3a ) using the computer program of Fitch (1971) .
Comparison of the nucleotide sequences of the NP genes of the human strains revealed that 76~ of the substitutions were transitions, 77~ of the substitutions were in the third position which is evolving 6-6 times faster than the first and second positions. G--, A and A ~ G substitutions account for 60 ~o of the transitions and 46~ of all substitutions. Lysine ~ arginine interchanges result from 13.5 of the 20 second position purine transitions.
Amino acid sequences of the NP of human influenza A viruses as deduced from the only open
reading frame The amino acid sequences in Fig. 2 were arranged in a similar way to the nucleotide sequences in Fig. 1 . Large letters represent non-conservative amino acid replacements, small letters indicate conservative replacements. An evolutionary pathway for NP of the human strains of influenza virus could be deduced from sequential amino acid replacements at positions 77, 131, 217, 259, 343, 353, 408, 423,450, 452, 459 and 472 . There were 13 positions at which only the PR8 NP had a different amino acid when compared to the other human strains. At some positions amino acids were common only to the H 1 N 1 strains (e.g. positions 217, 408, 423,450 and 452), whereas some others were shared by only the Warren, USSR and Brazil strains (e.g. positions 344, 353, 375, 433 and 470) .
Evolutionary pathway of the NP of human influenza A viruses
In Table 1 the overall differences between the nucleotide sequences (coding region) and amino acid sequences are summarized; a clear time dependence can be seen. The number of substituted nucleotides as well as replaced amino acids was greatest between the 1934 PR8 strain and the 1983 HK5 strain. The other strains lay between these two according to the year of their isolation. However, the NPs of the Warren and USSR stains were very closely related suggesting a gap of only 1 year between their isolation rather than the actual 27 years difference. The ratios of amino acid replacements to base substitutions were highest if the two strains under comparison were isolated only 1 or a few years apart. If the time difference became larger, this value finally levelled off.
An evolutionary tree (Fig. 3) was constructed on the basis of the nucleotide (Fitch, 1971 ) and protein data (Raymond et al., 1986) . It is assumed that favourable mutations are maintained in the progeny (Buonagurio et al., 1986) . The amino acid positions leading to main and side streams are given in small numbers. Branching points (filled squares), representing (hypothetical) ancestors which have not been isolated, are defined by counting the amino acid replacements from the consensus main stream. Underlined pairs of numbers indicate that the same position is altered repeatedly. Therefore, when the two proteins involved are compared, this exchange is counted as a single incidence. In the case of amino acid position 373 of the NT60 and HK5 NPs there is a back mutation to the same amino acid (alanine). There were 3.3 nucleotide substitutions per year, and as the coding sequence is 1491 nucleotides long, this gives a rate of 2.2 x 10 -3 nucleotide substitutions/year/nucleotide. Previously we have shown by RNA hybridization (RNase A protection), that during the antigenic shifts of 1957 and 1968 the NP genes of the human virus progenitor have been retained (Scholtissek et al., 1978 c) . After submission of this manuscript the sequence of the NP gene of a human H2N2 strain isolated in 1960 was published (Cox et al., 1988) . This sequence fits exactly into the evolutionary tree shown in Fig. 3 and confirms our previous results. Kong/5/83 (HK5) . The base sequence of the PR8 strain is printed in full. For the other strains only the substitutions are indicated. Large letters represent silent replacements, small letters represent base substitutions leading to amino acid exchanges. fPv  PR8  WARREN  USSR  BRAZIL  NT60  UDORN  TEXAS  CALIF  HK5   G  r  r vS  i  .  HA SQGTKR SYEQNETDGERQN ATE I RAS VGKM I G GIG RFY IQNCTELKLS DYED RLIQNS L T I ER NVLSAEDERRNKYLEEIIP SAGKDPKKTGGPI Y 
Fig. 1. Base sequence of the coding region of the NP genes of various influenza A virus strains. Strains not mentioned in Methods were A/NT/60/68 (NT60), A/Udorn/307/72 (Udorn) and A/Hong
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DISCUSSION
The ability to rescue ts mutants of FPV with a defect in the NP gene with other influenza A viruses in primary chicken embryo cells has been used as a compatibility marker to show whether or not the foreign NP gene fits into the genome of FPV (Scholtissek et al., 1978 (Scholtissek et al., b, 1985 . All avian strains tested so far rescue our ts mutants with very high efficiency, whereas only human strains of the H 1 N 1 subtype isolated before 1977 are able to rescue the mutants and in these cases the efficiency is relatively low. The Brazil strain isolated in 1978 was unable to rescue the FPV NP ts mutants. This might suggest that the early human H l N 1 viruses are more closely related to an ancestor common to the avian influenza A viruses (see Fig. 1, 2, 3 and Table 1) , and that the later viruses have a narrowed host range caused by adaptation to the human host. It is surprising that there is such an abrupt break in the biological evolution between the USSR and Brazil strains. When the NP sequences were compared only three amino acid replacements had occurred which must be responsible for this dramatic change in biological activity.
A virus which does not replicate will be eliminated. Therefore, it remains an enigma how a virus, which was absent from the human population for 27 years, has changed genetically so little that it appears to have been absent for only 1 year. An explanation proposed several years ago (Scholtissek et al., 1978 b ), suggesting that the virus might have survived in another reservoir with little drift by replacement of the NP gene twice, cannot be maintained any more. The NP gene is thought to be involved mainly in species specificity (Scholtissek et al., 1985; Snyder et al., 1987) . Therefore, such NP replacements should cause more nucleotide and amino acid exchanges in the NP gene or NP, respectively, during adaptation to the new hosts.
In establishing an evolutionary tree, the USSR strain has to be regarded as being not more than 1 year older than the Warren strain. When this is taken into account, the number of substitutions/year/nucleotide is 2.2 x 10 -3. Others have shown that influenza A virus genes have different evolutionary rates; the HA1 coding region of the HA genes of serotype H3 has a reported rate of approx. 8 × 10 -3 (Both et al., 1983) or approx. 9 × [0 -3 (Raymond et al., 1983) base substitutions/site/year and the NS1 genes have a reported rate of 2 × 10 -3 base substitutions/site/year (Buonagurio et al., 1986) .
In this respect the NP genes exhibit a rate identical to that of the NS genes indicating that the HA gene is under a strong selection pressure from the immune system.
The evolutionary tree shown in Fig. 3 summarizes the temporal relationships between the human NPs. The data on an avian influenza virus (FPV) are included. From this we conclude that there is a common ancestor of human and avian influenza virus NPs; however, the location of the branching point cannot be estimated exactly from these data.
The Calif. (H 1N 1) strain, isolated in 1978, is regarded as a reassortant between human H 1N l and H3N2 viruses (Young & Palese, 1979; Bean, 1980) , in which among other genes the NP gene is derived from the H3N2 virus. According to the evolutionary tree (Table 1, Fig. 3 ), the NP gene of the Calif. strain can be located very close to the Texas (H3N2) strain from 1977. Thus, the Calif. strain seems to have derived its NP gene from an H3N2 virus circulating in the human population at about the same time as the Texas strain.
